Natural landforms are of great importance for a variety of scientific and engineering disciplines. Investigation of landforms can be improved by comparison of features that have similar characteristics, structure and genesis. We propose a novel framework for the representation of the temporal aspects of landform development that simplifies the complex spatial relationships between 3D objects and the modelling of geological processes over time (4D) applying the Poincaré Duality. Single landform layers are represented as nodes (DualStructures) and the neighbourhood of these layers are represented as edges (DualStructureRelations). Finally, a DualStructureState represents a whole landform of stable conditions over a period of time. Change of a landform is represented as additional edges (Abstract_GeoProcess) between the nodes of different layers. The overall structure constitutes a multilayer graph, where all the nodes from all N layers are included but are separated into N partitions of time. All dual representations may be associated with geometric and semantic representations, if available. A formal data model on natural landforms focusing on topological representation is a major step towards the interoperable exchange and comparison of scientific results on landforms. Concerning existing models, our framework can be considered as a superset with regard to model expressivity. This will improve the possibilities to exchange or link data between different application fields.
INTRODUCTION
Natural landforms and geological structures play an important role for a variety of scientific and engineering disciplines. As natural landforms build up the surface and subsurface environment, society interacts with them in a complex way. Earth scientists and civil engineers working on these issues need GI technologies to make results on landforms, its internal structure, its genesis and future development reliable and comparable. Landforms are unique in terms of their internal structure, their topological relation to other landforms and their temporal changes as well as their exposure to climate system. Therefore, the history, internal state and future behaviour of a landform cannot be analysed by simple mathematical formulas or even complex physical models. Thus, landforms are examined and rated individually. This includes the analysis of the genesis of a landform as one major key for future behaviour. According to Dikau (1999) investigation of landforms includes first, time represented by the stratigraphic record of the underground material and, second, the spatial distribution of landforms. The latter clearly refers to a topological description of landforms that may help to compare different natural systems. This landform assemblage has also been identified by (Pike and Dikau, 1995 and Brunsden, 1996) as an important character of geomorphic systems. As a third method of examination Dikau (1999) identified the substitution of a landform developing process sequence by a spatial association of recent landforms or landform components, which is called the ergodic principle. The principle of ergodic reasoning, in which space is substituted for time, is an applicative method to describe and predict future behavior of a landform comparing it with others. Since landforms are unique, objects of comparison must have at least similar characteristics, structure or genesis with historical landforms that once encountered similar behaviour in the past. One of the classic examples of this type of research is provided by (Welch, 1970; Brunsden and Kesel, 1973) . This research can be effectively supported by geo information technology and a proportionate representation of landforms within a geospatial database. As a last point, Dikau (1999) identifies the principle of actualism which is based on the transformation of processes acting under recent climatic conditions into a past environment for which the same climate is inferred. Landforms do not exist in isolation but do interact with others. Their specific association builds up the so called georelief (Kugler, 1974; Dikau, 1996) and characterizes a specific geomorphic system. While single landforms are scaledependent, the composition of a geomorphic system follows a spatial hierarchy (Ahnert, 1988; Dikau, 1989; Brunsden, 1996) . Smaller landforms are located on the top of larger ones and cover them partly. Therefore, size is a good indicator of a landform's lifetime and age (Ahnert, 1996) . Like a single landform, the association of many depends on internal system states, material supply and external driving forces. Following this experience, analysing the composition of landform association allows scientists to understand the main processes reworking a system, the succession of these processes in the past and probable developments in the future. A lot of the landform's interaction may be analysed using the concept of topology. First, this includes the chance of processes to transport material from one landform to another one. Identifying possible material sources is the first step to expose and explain existing sediment cascades of a geomorphic system. Second, topological investigation may help to identify the chronological order in which landforms were formed (Löwner, 2013) . Often, this non-metric or relative dating is an important step towards the understanding of a geomorphic system. Today, there is no comprehensive interoperable data model to represent semantics, geometry and topology of landforms. Due to their complex construction and characteristics and their interrelation with other landforms within a natural system, defining a semantic data model is a reasonable challenge. Another problem is the integration of field based data representation in conjunction with the well-known boundary representation (Requicha, 1980) . The latter can easily applied on manmade features like buildings with crisp boundaries as shown in CityGML (Gröger et al., 2012) . Landforms on the one hand are divided by layers that have crisp boundaries but are hard to detect. On the other hand some 'boundaries' reveal a smooth transition. However, even if no correct and complete geometry is available, semantic information, topological relation and change can be represented. Here we propose a 4D data model that integrates topological representation of natural landforms with geometric and semantic description. Since topology can be applied to represent sequences of geologic layers and neighbourly relations of landforms, exact geometric representation can be neglected without the loss of substantially information. Nevertheless, geometric representation is still possible. We combine a Multilayered Graph Model proposed by Becker et al. (2008) with a GML-based application model for natural geoobjects (Löwner, 2008; 2010) . Within this framework it is possible to represent landforms in an object-oriented view that comprises a true 3D geometric data representation, semantic description and topological interrelations and the change of all these description in time. A formal data model on natural landforms focusing on topological representation is a major step towards the interoperable exchange and comparison of scientific results on landforms. In section 2 we review related work with focus on the two models we combined to represent landforms. Section 3 is devoted to a living example of slope developed under different processes over a period of 10.000 years as a use case for the model proposed in section 4. In section 5 we show the representation of a loess covered slope similar to the use case and its genesis as an example. We will follow up with a discussion and an outlook.
RELATED WORK
Modelling 3D phenomena has been subject to substantial work of many scientists. This includes the geometrical modelling of 3D subsurface space, the introduction of topological analysis and the introduction of semantic data models. Jones (1989) reviewed still valid 3D representations of space including block models, voxels and octrees as well as the boundary representation. Since an octree can be viewed as 3D tessellation all the subsurface space has to be represented. On the other hand, boundary representation needs precise information of crisp boundary surfaces. Regarding drilling data, these can often be found. Based on Egenhofer's 9-intersection model (Egenhofer and Herring, 1992) Zlatanova (2000) identified eight relations of bodies in ℝ 3 by negative conditions that are possible in reality. Löwner (2012) proved four of these relations (disjoint, contains, inside, meets) and another relation incorporating a third, conjunctive body as important for the description of geomorphic situations. According to that, topological relationships of landforms can directly be related to geomorphic insights. This includes a process-related accessibility of landforms by material transport processes and therefore material properties as well as the chronological order of landform creation. Emgård and Zlatanova (2008a; 2008b) and Tegtmeier et al. (2009) point out the need for an integrated semantic information model that includes objects above and on the surface as well as subsurface objects and, in particular, subsurface geological and geotechnical objects. They propose a model called 3DIM -3D Integrated Model. Their superclass BelowSurfaceObject is further subdivided into BelowSurfaceSpace, Geology, Water and BelowSurfaceUtilitiy. Geology again is further subdivided into Layers (LayerRock, LayerStrongSoilWeakRock and LayerSoil) , Obstacles, Cavity, and Reservoir. However, next to general geological information, the main focus of this model is for infrastructural construction processes. Thus, it lacks of topological relations between Layers and, further, the description of geomorphological processes is not possible.
An application model for natural geoobjects and their topology
A GML based application model for representing natural geoobjects has been proposed by Löwner (2008; 2010) . Herein, an abstract class _Geoobject represents a solid landform feature as a particular spatial unit of the landsurface. The class has no class attributes describing the landform but one or more association to an abstract class _State. For an associated Timespan the _State acts as an agent between the _Geoobject and its properties including geometry and attributes (Figure 1 ). The latter is modelled by an abstract class _AttributeSet, which is not depicted here. Figure 1 . The abstract class _Geoobject represented by a timedependent geometry and attributes (not depicted here) (Löwner, 2008, modified) .
A _Slope as a synonym for landform is a specialisation of the abstract class _Geoobject. Referring to the geomorphologists Dalrymple et al. (1968) and Caine (1974) (Figure 2) . Figure 2 . The abstract class _Geoprocess, altering, i.e. creating a new instance of the class _State. (Löwner, 2010, modified) .
Thus, the concept of a _Geoprocess can be considered as a connecting edge between two landforms that is valid for a given time span. Therefore, a graph representing the movement of material, i.e. sediment can be implemented in a spatial database. The reviewed concept is a good starting point for a 4D landform interpretation and monitoring framework, because it  represents landforms as semantic defined objects,  associates 3D geometries and attribute sets with these objects that may change in time without affecting identity of a landform,  is suitable to the needs of the user because of a hierarchical representation of the interior structure of a _Layer, and it  represents the connections between landforms that originate from material transport processes. Furthermore, as this framework was designed to represent dynamic geomorphological system description it is applicable to geological structures as well.
Multilayered Graph Model
The Multilayered Graph Model is a modular concept for the modelling of indoor spaces to be used for route planning and localization and tracking within indoor environments initially presented by Becker et al. (2008) . This framework allows for the integration of conceptually separated indoor space models within a multi-layered representation. The layers are independent in such that they represent separate decompositions of indoor space according to different semantic criteria such as building topography or sensor characteristics. Additional layers may be added to denote the subdivision of indoor space according to different modes of locomotion or with respect to logical contexts. The different layers are then linked by joint-states which mutually constrain possible locations of moving subjects or objects in either space model. The modular framework allows the separate consideration of spaces and their geometric subspaces, as well as other additional "layers" representing sensor space, security space, navigation constraints, etc. The certain layers of the modular model describe the overlay of different space models. These space models specify the same real world object and are located in the same Euclidean space at the same time. But this Euclidean space is subdivided through different semantics, which can be defined through the layers or objects itself but also by humans (i.e. security levels etc.). Since this framework describes all the occurring possibilities of an indoor navigation system in a well-defined manner, based on geometry, topology and the different semantics it constitutes a general-valid framework for indoor navigation with no constraints or restrictive assumptions within the model. Each layer can be further subdivided into four segments. The vertical division corresponds to space representations within Euclidean space and topology space on the one hand. The horizontal partitioning indicates primal and dual space on the other hand. Consequently, each space model is given by four distinct space representations. The separation of layers results from different space models with different partitioning schemas. For example, in topographic space geo-objects such as buildings may be represented using semantic 3D building models (Gröger et al., 2012 , Adachi et al., 2003 . The number of layers is unbounded. For example, in the area of philosophy different definitions for space (e.g. movement space, activity space, visual space) can be encountered which can also be used to describe a built environment. However, the notion of space and its semantic decomposition again differs from topographic or sensor space.
Since each layer provides a valid and consistent representation of space, the common framework itself is to be seen as a valid multi-layered space representation, which can be used as a whole to describe, for example, the indoor environment of buildings. For each layer, topological relationships such as connectivity and adjacency relations between 3D spatial objects are represented within topology space. In primal space, topology is induced by the corresponding 3D geometry in Euclidean space. By applying a duality transformation based on Poincaré duality, the 3D cells in primal topology space are mapped to nodes (0D) in dual space. The topological adjacency relationships between 3D cells are transformed to edges (1D) linking pairs of nodes in dual space. The resulting dual graph represents a NodeRelation-Structure as proposed by Lee (2004) .
GEOMORPHOLOGICAL EXAMPLE
In this section, we will briefly outline results from geomorphological research on historical soil erosion and slope development as a use case for the proposed framework (sec. 4). The example of a reworked slope includes first, 3D-landforms that are composed of several soil layers with different material properties, second, material transport processes that alter the geometry of the landforms, and, third a change of geometry and topology of the landform layers. Redistribution of sediment by diffuse and linear erosion processes is the most characteristic feature of the small-scale landscape evolution of the loess-covered areas of central Europe (Bork, 1988) . This is almost entirely due to agricultural land use that has occurred for several millennia (Bork et al., 1998) . The anthropogenic clearing of vegetation cover represents the removal of a damping agent between climate and the soil system, forcing the landscape to readjust through redistribution of soil material. Where diffuse soil erosion processes are dominant, a smoothing effect on slope morphology masks linear erosional features through colluviation. This effect is reinforced by soil tillage as a major factor of soil redistribution on arable land (e.g. Lindstrom et al. 1990; Lindstrom et al., 1992; Govers et al., 1994; Govers et al., 1996) . Alternatively, where this readjustment takes place through linear erosional processes, like piping and gullying, we observe more rugged and less smooth landscapes.
ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume II-2/W1, ISPRS 8th 3DGeoInfo Conference & WG II/2 Workshop, 27 -29 November 2013, Istanbul, Turkey (Löwner et al., 2005) Storage capacity in the form of colluvial footslopes is common in many landscapes. Bork (1988) describes basal colluvium deposits in many parts of central and northern Germany, typically formed as a result of diffuse soil erosion. Temporary storage of sediment on slopes is also common, but would perhaps not generally be expected on such a short slope with an undercutting channel, such as in this case. Löwner et al. (2005) reconstructed a colluvial fill on the middle slope of a loess covered area of the Pleiser Hügelland near Bonn, Germany. Figure 3 depicts a cross section of its reconstructed soil layers. The volumes and shape of both the material eroded from the slope and the colluvial body has been reconstructed with the aid of geoelectrical surveys and a series of soil augerings. The underbed consists of Oligocene trachyt tephras (approx. 23 m years old) covered by an Aeolian sediment called loess that is more than 10 thousand years old (Sieberts, 1983 ). This layer is upwardly bounded by first, a B v -horizon that reflects centuries of soil building processes and, second, by two charcoal-bearing colluvial bodies that fill up an erosional gully. The top layer consists of calcareous material mobilised and accumulated by sheet erosion. Since loess is quite calcareous, origin of this material is a severely eroded area of the top and middle slope, i.e. the origin material is loess. Based on optically stimulated luminescence ages (Lang and Wagner, 1996) of approx. 1250 years before present (b.p.) at the bottom of the gully provided by Preston (2001) , genesis of the hillslope was reconstructed as follows (Löwner, 2000) :  Erosion of the decalcified top soil of the slope and cutting a linear erosional feature, i.e. a gully by sheet erosion and subsequent linear erosion processes. Since luminescence ages date the last exposure of minerals to the daylight, filling of the gully is assumed to start 1250 b.p.  Padding the gully after 1250 b.p. with material eroded at the upper slope. Since the colluvial fill contains char coal, slash and burn activities are identified as the concomitant circumstance of these era.  Further sheet erosion at the top slope and the mid slope and accumulation of material at the slope foot. Since this material differs from the first colluvium a different system state can be assumed. Unfortunately, no more dating could be performed.
Today's soil layer depth on the eroded slope was compared with maximum depth that is possible under give climatic conditions. Results clearly indicate a material export from the slope system to the receiving stream. Löwner et al. (2005) calculated a sediment delivery ratio, i.e. the proportion of sediment yield to total eroded material from within a catchment (Cooke and Doornkamp, 1990) , of 88%. Thus, next to accumulation of material on the food slope, a reasonable amount of material left the slope system. The example shows that currently visible landforms such as slopes are normally the result of a complex genesis. Next to geometry, topological relations, material properties and processes that cut and build landforms or parts of them are of great significance. They can be viewed as an edge connecting two or more parts of a landform during a certain period of time.
PROPOSED MODEL
In this section, we propose a novel framework for the representation of 3D landforms that overcomes the limitations of existing practices in the field of landform interpretation. The entire data model will be given in UML. Classes, attributes and rules are written in italic.
We define a Landform as abstraction of the collection of all topographic real-world objects being relevant landform structures such as sandstone, near-surface underground, or surface-of-sliding. The conceptual modelling of a landform and its components employs the ISO 19100 series of geographic information standards for the modelling of geographic features issued by ISO/TC 211. According to the General Feature Model (GFM) specified in ISO 19109 (ISO/TC 211, 2008) , geographic features are defined as abstractions of real world objects. The GFM is a metamodel that introduces general concepts for the classification of geographic features and their relations as well as the modelling of spatial and non-spatial attributes and operations. Object oriented modelling principles can be applied in order to create specialization and aggregation hierarchies.
Landform, LandformLayer and LandformState
A Landform is the basic unit for modelling 4D landforms within the proposed framework. Landform maps topographic landform components onto respective GFM feature types. Each Landform is an aggregation of 3D LandformLayer where each layer represents a 3D state or 3D epoche within the period of the landform (rf. Figure 4) . LandformLayer is an aggregation of Abstract_Structure and StructureBoundary associated with LandformState that represents the dual representation of a LandformLayer. A main concept of our modelling approach is the dual representation of a LandformLayer so that each landform component can be represented both, by its 3D topography and by means of a complementary graph structure called LandformState. The dual representation addresses the need for both types of representation. The LandformLayer utilizes the Poincaré Duality in order to simplify the complex spatial relationships between 3D objects by a combinatorial topological network model. Solid 3D objects in primal space, e.g., horizons of a landform, are mapped to nodes (0D) in dual space. The common 2D face (StructureBoundary) shared by two solid objects is transformed into an edge (1D) linking two nodes in dual space. Thus, edges of the dual graph represent adjacency relationships in primal space. A formal definition of the Poincaré Duality is given by Munkres (1984) . Thus, each LandformState represents a subgraph of the whole landform graph structure on the one hand side and on the other hand side a period in time of landform genesis. Furthermore, modelling of 3D topography is realized in compliance with ISO 19109 as spatial aspect of Abstract_Structure and StructureBoundary. The value domain for spatial attributes is defined by the Spatial Schema specified in ISO 19107 (ISO/TC 211, 2008) which allows for describing the geometry of a LandformLayer (see Figure 4 ) in up to three dimensions. In addition to its 3D geospatial representation, each LandformLayer is mapped by LandformState onto a separate graph structure representing its structural and topological aspects. The proposed LandformState explicitly allows for a graph-based representation of each LandformLayer. The resulting graph structure follows the general principles of graph theory (Diestel, 2005) . Abstract_Structure as basic unit for modelling landform structures allows for modelling thematic properties as well as the definition of taxonomies and parts of landform components in primal space. As Figure 5 indicates a structure can be represented according to the ISO 19107 in topological and geometrical space. In primal space, (upper part of the figure) topology is induced by the corresponding disjoint 3D geometry in Euclidean space. By applying a duality transformation based on Poincaré duality, the 3D cells in primal topology space are mapped to nodes (0D) in dual space. Figure 6 ). The resulting dual graph represents a Node-Relation-Structure (NRS) as proposed by (Lee and Zlatanova, 2008) . Besides the topological relationships the StructureBoundary represents the common 2D face shared by two adjacent solids, e.g. the change of soil within the landform. Equal to Becker et al. (2008; an unknown or not needed boundary to adjacent structures can be represented in primal space as a shared Boundary with the outer environment -outer. In dual space a DualStructureRelation is integrated into the overall graph structure (cf. Figure 5 ). 
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Abstract_GeoProcess as indicator of genesis
As illustrated before, the Node-Relation-Structure (NRS) of each LandformLayer constitutes a graph. The nodes represent the duality of a structure of a landform and correspond to horizons with volumetric extent in primal space while the edges represent the topological relations between adjacent horizons. They correspond to adjacency relations between the cells in primal space within the same period in (earth-) time. If we presume that each layer is based upon a disjoint partitioning of (Euclidean) space, a state of genesis can only belong to one cell at a time and thus always only one epoch can be modelled. Since we have different landform layers with different topological representations, each layer contains such a landform state. The genesis of landforms is given by the interlinkage of corresponding dual structures. Corresponding means the resulting horizons of a following epoche of the landform afterwards a geological process.
Geoprocesses are expressed by additional edges between the nodes of different layers. These edges are called Abstract_Geoprocess edges. The overall structure then constitutes a multilayer graph, where all the nodes from all N layers are included but are separated into N partitions of time which are connected by Abstract_GeoProcesses, see Figure 7 . Once a geoprocess ends a new state in genesis is reached and thus a new LandformLayer has to be modeled. It is not permitted to run an Abstract_Geoprocess over several eras (LandformStates). Thus, an Abstract_Geoprocess must be reduplicated in a LandformLayer when another one ends. Therefor semantic sustainability can be ensured. It is up to the experience and knowledge of the modeler how detailed and complex a graph structure could be. However, a more detailed one should be give better understanding of the genesis of the respective landform. An Abstract_GeoProcess is a generalisation of ComplexGeoprocess and SimpleGeoProcess. ComplexGeoprocess aggregate Abstract_Geoprocess-Features which build a functional and processoral unit such as the erosion of material by water, transportation of material and the subsequently accumulation of material on another site can be represented. Thus, they include further geoprocess entities such as AquaticProcess, InternalProcess, or FormAlteringProcess's. A SimpleGeoProcess must not contain other process entities since it represents processes involving only one process force, one material and results in one process direction, ie. either erosion, transportation or accumulation. Using the Abstract_GeoProcess edge enables the mapping of the whole landform genesis onto a unique graph structure. Such a graph structure allows for simulation, analysis and comparison of landforms. The geomorphological example in the following section will give a more detailed vision of the proposed model and the benefits of application in the field of geosciences.
Modelling rules
Modelling rules amend a formal data model to enable semantic and topological integrity. Here we call for two essential requirements when modelling landforms using the proposed framework:
1. As soon as only one of the participating GeoProcess of the represented system ends or changes, a new LandformState has to be modeled. As a consequence, Abstract_GeoProcess and its children that continue more ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume II-2/W1, ISPRS 8th 3DGeoInfo Conference & WG II/2 Workshop, 27 -29 November 2013, Istanbul, Turkey than one LandformState without any change have to be reduplicated. That must be accepted to keep consistent semantic and topological composition. 2. If at least one boundary of a DualStructure is unknown, a DualStructureRelation to the outer has to be modeled. That is to fulfill the 1 to 1 multiplicity depicted in the UML diagram in Figure 4 and Figure 5 . The first of these modelling rules ensures a semantic and topological integrity. If an ending Abstract_GeoProcess would not cause the initialization of a new LandformState, timedependency of a Abstract_GeoProcess would be questionable. On the other hand, introducing a new LandformState every time a represented process ends or changes can be viewed as a Level of Detail concept. The more is known about the genesis of a landform, the more instances of LandformStates, i.e. more time slices of a landform can be reconstructed.
APPLICATION ONTO A 4D-GEOMORPHOLOGICAL EXAMPLE
Here we apply the proposed model to a loess covered slope similar to the example outlined in section 3 and its genesis at four points in time (t 0 -t 3 ). We do this in a descriptive way without any exact rules for database implementation. The goal is to show that and how the model presented in section 4 is able to support representation of first, topological relations between structure elements of a landform, and second, the documentation of their changes, i.e. the temporal aspects of landform development. The Landform and its constitutive LandformLayers are depicted as block models, implying geometry that can be represented using associated geometry classes. Because the main focus of attention is the representation of change within a graph structure, geometry associated with the Landform is not considered any further. DualStructures of the LandformState at one time are represented as nodes and connected DualStructureRelations drawn by solid lines. These reflect direct topological relations of the DualStructures of one LandformState. Note the outer node that reflects the unknown landforms bounding the landform under consideration. As outlined in section 4, this class represents the upper class of different processes that also represent type of process, time span and rate. The slope in its first state at t 0 is composed out of three slope layers A, B, and C (  Figure 8 ). This is a typical situation of a loess slope under forest. Thus, the LandformState consists of four nodes, the three DualStructures that represent the three LandformLayers and the outer (o). There are five DualStructureRelations, A-B, B-C, A-o, B-o, and C-o. In general the outer represents the surrounding space and therefor other Landforms and LandformLayers which are either not known at that moment or of no interest to the researcher. At a given moment, the whole system is disturbed e.g. by logging the forest and exposing the highly erodible soil to erosion by water for a certain period of time, e.g. hundreds of years. These processes result in the depicted slope in t 1 . The Ahorizon is entirely eroded, the B-horizon is cut into two distinct soil layers and some of the material is accumulated at the slope foot due to decreasing slope angle and therefor decreasing flow velocity and transport capacity of water. The LandformState graph of t 1 is given by seven DualStructureRelations B 1 -C, a Structure) is eroded and transported out of the system to a place elsewhere, the outer. Normally this material will be transported by fluvial activity.  B t0 → B 1t1 and B t0 → B 2t1 (ersosion): B t0 is eroded so that it is divided into two distinct LandformLayers. Nevertheless, material properties of B t0 , B 1t1 and B 2t1 stay identically.  B t0 → M t1 (erosion and accumulation): Some of the material eroded from B t0 is accumulated as a migration horizon because of decreasing transportation capacity of water at the slope foot.  B t0 → o t1 (erosion): The most material eroded from LandformLayer B is transported out of the system.
The slope in its third state at t 2 again appears modified ( Figure  9 ). A gully was formed during state t 1 and t 2 that cut into M, B 2 and C. M was split in two disjoint Structures. That could be the result of a heavy storm event on the slope while plant cover was absent in spring. Figure 9 . Representation of a landform by LandFormState at t 1 and t 2 and the change between these two points in time by Abstract_GeoProcesses (dashed arrows). DualStructureRelations to the outer at t 1 have not been included for t 2 .
In its fourth stage at t 3 the relief on the slope is decreased by sheet erosion and accumulation processes (Figure 10 ). The gully is filled with material coming from the upslope landforms and from the outer. The LandformState graph of t 3 is given by 14 DualStructureRelations. These are B 1 -C, B 2 -C, M 1 -B 2 , M 2 -B 2, B 2 -M 3 , M 1 -M 3 , M 2 -M 3 , C-M 3 and six DualStructureRelations of the DualStructures with the outer. Ten _Geoprocesses can be identified and represented as directed edges between t 2 and t 3 : Figure 10 . Representation of a landform by LandFormState at t 0 and t 1 and the change between these two points in time by Abstract_Geoprocesses (dashed arrows). DualStructureRelations to the outer has not been included.
 B 1t2 → M 3t3 (erosion, fall, accumulation): Material may be washed into the gully and fill it or just break down from the wall of the gully.
(erosion and accumulation): If allochthonous material, i.e. material coming from outside the system under research, can be found in the colluvial body it must come from the outer. This is a valid representation, because the outer is nothing but a DualStructure.
This exemplification shows that a complex genesis of a realistic example slope can be represented within the proposed framework. Thus, the meaningfulness of that approach could be demonstrated. Even though the class model in section 4 is still in a preliminary stage, it is a promising start to represent the temporal aspects of landform development. Choosing a graph approach, this change can be represented even if no exact geometry is available.
CONCLUSION AND OUTLOOK
We presented a novel framework for the representation of the temporal aspects of landform development as a result of natural processes that overcomes the limitations of existing practices in the field of landform representation. The proposed data model represents the 3D topography, 3D topology and the geological genesis of landforms. Concerning the previously existing models, the suggested model can be considered as a superset with regard to model expressivity. This will improve the possibilities to exchange or link data between different application fields. Applying the Poincaré Duality simplifies the complex spatial relationships between 3D objects and enables the modelling of geological processes over time (4D). Hence, single landform layers are represented as nodes, i.e. the DualStructures and the neighbourhood of these layers are represented as edges, i.e. the DualStructureRelations. Finally, a DualStructureState represents a whole landform of stable conditions over a period of time. All dual representations may be associated with geometric and semantic representations if available. The change of landforms is characterized by processes such as eroding, transporting, and accumulating material from one landform or a part of it to another. These geological processes can be considered to be constant over a period of time. They are represented as edges, i.e. Abstract_GeoProcesses, connecting landform layers of different time spans. Therefore, a semantic description of a process and its effects concerning the change of a landform can be obtained. This has not been modeled in detail, here. We applied this model to a real landform reconstructed by geomorphologists with all the uncertainties that are common, when natural landforms and their genesis are investigated. The proposed framework allows for the representation of very detailed to a less detailed description of landforms. If more layers can be identified by the researcher, more nodes can be represented. This accounts for temporal resolution, also. The more processes or changes of rates of one process are identified, the more DualStructureStates may be represented. No requirements are made concerning the number of represented states. That avoids the definition of Level of Details and the related problems associated with it (rf. Löwner et al., 2013) . To represent only a lower level of information, time slices may just be omitted.
ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume II-2/W1, ISPRS 8th 3DGeoInfo Conference & WG II/2 Workshop, 27 -29 November 2013, Istanbul, Turkey A problem may arise applying the framework according to the ISO 19107. Since every geometric instance is allowed to have only one topological representation, no 3D topology can be represented within this framework next to the Poincaré Duality. Figure 11 . Change of a city by building activity. The state of a city between t 1 and t 2 changes by man-made processes.
Further work has to be done transferring the proposed framework to further application fields such as landslide monitoring, civil enginieering and urban development. An outlook is depicted in Figure 11 . A more generic modelling approach enables the representation of change of built-up areas due to construction activity in combination with natural environment. Here, from state t 1 to t 2 the state of the city changes by the construction of a building and of a tunnel. All these constructions are topological related to the natural environment. Since the outer may be viewed in terms of actors, it has to be modelled in a different way than in the proposed framework, here.
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